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1
USE OF CILASTATIN TO REDUCE
NEPHROTATOXICITY OF VARIOUS
COMPOUNDS

TECHNICAL FIELD

The invention refers to administration of cilastatin to
reduce the nephrotoxicity of various compounds. More spe-
cifically, the invention refers to use of cilastatin to prepare a
medicinal product to reduce the nephrotoxicity caused by any
compound entering the cells of the proximal tubule through
cholesterol rafts.

BACKGROUND OF THE INVENTION

Renal dehydropeptidase (DHP-I) (also known as dihydro-
peptidase I, microsomal dipeptidase, or EC 3.4.13.19) is a
glycoprotein involved in hydrolysis of the peptide bond of
dipeptides (Adachi 1990, Campbell 1966) which is mainly
located in the brush border of the proximal tubular cells of the
kidney. DPH-I is a homodimer with two subunits (a, 3), each
consisting of a 369-amino acid peptide (42 KDa). The sub-
units have four potential glycosilation sites, and a highly
glycosilated form of 63 KDa may be obtained. The active site
of each of the subunits forming the dimer (c, ) consists of
zinc ions which are oriented towards the microvilli of the
renal tubule (Nitanai 2002). DHP-I is involved in renal
metabolism of gluthatione and in conversion of leukotriene
D4 into leukotriene E4 (Kozak 1982) and is to date the only
mammalian enzyme able to hydrolyze the beta-lactam ring
(Campbell 1984). DHP-I is responsible for hydrolyzing the
p-lactam ring of imipenem, inactivating it (Kaham 1983), but
does not affect penicillins or cefalosporins.

DHP-1 s anchored to the cell membrane by a covalent bond
to a glycosyl-phosphatidyl-inositol (GPI) structure (Adachi
1990). Modification of the cell fate of the protein by the GPI
anchor during protein translation is a membrane binding
modality of more than 200 proteins in eukaryotic cells. In
addition to allowing for protein binding to the membrane, it
has important roles, particularly in signal translation or in the
recognition process (Nosjean 1997). GPI residues are typi-
cally located in membrane domains rich in cholesterol and
sphingolipids called cholesterol rafts or CRs (Morandat S
2002).

Different classes of lipid CRs coexist in a same cell. In
addition to the classical CRs with no structural proteins, these
ordered domains may be enriched in a structural protein com-
ponent, which dramatically changes the morphology and
function of the CR. This emerging protein class is called
MORFs (modifiers of raft function). The first MORF identi-
fied was caveolin-1 (Cav-1). Three caveolin genes are known;
caveolins 1 and 2 are ubiquitously expressed, whereas caveo-
lin-3 is only expressed in astrocytes and muscle cells (Smart
1999).

Cav-1 is integrated into the CR microenvironment, but is
also anchored to the cytoskeleton by its cytoplasmic domain.
This arrangement allows CRs thus formed to generate dish-
like 50-100 nm depressions (caveolae) and may be located or
displaced in a regulated manner.

Although caveolae and CRs share certain biochemical
properties, location of caveolins in caveolae differentiates
those membrane domains. Since their discovery in the 50s
(Yamaha 1955), there has been much speculation about the
role of caveolins. Caveolae have been implied in multiple
functions, including endocytosis, lipid homeostasis, tumori-
genesis, calcium transport/regulation, cholesterol transport/
regulation, and transcytosis of albumin and other proteins
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through endothelium (Simons 2000, Razani 2002). In addi-
tion, caveolins interact with proteins residing in caveolae.
This protein-protein interaction involves, amongst others, the
inducible nitric oxide synthetase (NOS 2) (Razani 2002).

The apical transport model based on CRs is based on lipid-
lipid and lipid-protein relationships. It has recently been sug-
gested that CRs could be important for transport through an
endocytic pathway alternative to that of clathrin-coated
vesicles. CRs could serve as an entry point for certain patho-
gens and toxins, such as Listeria monocytogenes (Seveau
2004). However, it had not been suggested that CRs could
have any relevance for the transport of drugs known to cause
cytotoxicity.

Imipenem is an antibiotic of the carbapenem class
launched into the market in 1985. Imipenem is an antibacte-
rial agent of the f-lactam class with a wide spectrum covering
most Gram-negative and Gram-positive aerobic and anaero-
bic pathogens which has a marked activity against 3-lacta-
mase-producing species.

As other carbapenem antibiotics, imipenem undergoes a
species-dependent extensive metabolism, as shown by the
low recovery of active drug in urine (Birnbaum 1985, Kaham
1983). In vivo and in vitro studies showed that biotransfor-
mation mostly occurred in the kidney through the action of
dehydropeptidase I (DHP-I). DHP-I hydrolyzes the f-lactam
ring of imipenem and inactivates it (Kaham 1983). This phe-
nomenon, called post-excretory metabolism, does not affect
penicillins or cefalosporins.

The antibacterial spectrum of imipenem was suitable for
treating Gram-negative germs, mainly in sepsis of an intesti-
nal or renal origin. Renal degradation of imipenem caused
suboptimal levels of active drug in the urinary tract (Kropp H
1982), thus limiting its use for the treatment of systemic
infections. This caused preclinical research to be aimed at
producing a potential inhibitor of DHP-I. This research pro-
gram led to development of cilastatin, a compound structur-
ally related to imipenem. The first reported studies in which
cilastatin already appeared in combination with imipenem
were presented to the 21* Interscience Conference on Anti-
microbial Agents and Chemotherapy, held in Chicago in
November 1981, by Norrby and colleagues (Norrby 1981).

Cilastatin is a competitive inhibitor of DHP-I that prevents
hydrolysis of the peptide bond and opening of lactam rings. In
the presence of cilastatin, dihydropeptidase does not open the
lactam ring of imipenem, prevents its absorption, and
increases urinary excretion of imipenem, reducing its con-
centration in tubular cells (Clissold 1987, Birnbaum 1985).
High doses of imipenem alone may cause tubular toxicity in
rabbits, but this effect is prevented by concomitant cilastatin
administration (Norrby 1985).

In addition to its well known effect as renal dihydropepti-
dase inhibitor, cilastatin is able to inhibit organic anion trans-
port systems (OATPs)

at basolateral level. This effect has recently been reported,
and its implication in metabolism of other drugs has been
discussed, with little success because the expected effect of'its
actionupon OATPs would be to increase the circulating levels
of the drugs involved and to decrease their overall clearance,
exactly the opposite effects to those seen.

The chemical name of cilastatin sodium is the monoso-
dium salt of [R-[R*,S*-(Z)]]-7-[(2-amino-2-carboxyethyl)
thio]-2-[[(2,2-dimetylcyclopropyl) carbonyl]amino]-2-hep-
tenoic acid. Its empirical formula is C, ;H,;N,NaO,S, and it
has a molecular weight of 380.44 Da. It is an off-white to
yellowish white amorphous compound, hygroscopic, and
highly soluble in water and methanol (Drusano G . 1984). Its
chemical structure is as follows:
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Cilastatin inhibits renal degradation of imipenem, achiev-
ing a urinary excretion rate up to 70% of the initial imipenem
dose administered. An imipenem:cilastatin (I/C) ratio of 1:1
was established as the optimal dose for maintaining this inhi-
bition for 8 to 10 hours (Norrby 1983). Multiple dose studies
showed that cilastatin does not accumulate in healthy sub-
jects.

Cilastatin was demonstrated to have a strong affinity for
DHP-I by measuring levels of leukotriene E4, which is
formed in the kidney from leukotriene D4 by renal dehydro-
peptidase in the brush border. In the presence of cilastatin, this
conversion was strongly inhibited, which confirmed the cil-
astatin-DHP-I interaction (Koller 1985, Campbell 1988).

In the 80s, pharmacological research on cyclosporin A and
its potential interactions with other commonly used drugs
allowed for obtaining evidence that the I/C association could
be wuseful for decreasing imipenem nephrotoxicity.
Cyclosporin A (CsA) is a lipophilic cyclic endecapeptide,
initially identified as an antifungal, for which a potent immu-
nosuppressant activity was shown in 1972. It was finally
approved for use in 1983. Introduction of CsA, alone or
combined with other immunosuppressant agents, has mark-
edly improved immunosuppressive therapy in solid organ and
bone marrow transplants, and also in multiple autoimmune
diseases. CsA mainly acts upon T cells by inhibiting the
cascade of biochemical reactions highly dependent on cal-
cium ion occurring after binding of an antigen to the T-cell
receptor and which marks T-cell activation and proliferation
through the synthesis of IL.-2 (Belitsky 1986, Ryftel 1990).

The main side effect of CsA is nephrotoxicity, which
affects both the native kidney (in cases of liver, heart, or bone
marrow transplant) and the transplanted kidney (in kidney
transplant) (Calne 1978). In both cases, the effect is dose-
dependent. At tubular level, entry of CsA into the proximal
tubule is very rapid. In vitro, 80% of the total is transported in
the first 10 minutes at 30° C. (Jackson 1988). Morphological
evidence suggests that sublethal tubular damage includes
swelling of endoplasmic reticulum, isometric vacuolization,
occurrence of autolysosomes, giant mitochondria, microcal-
cifications, changes in tubular epithelium cytoplasm, necro-
sis, sloughing, of tubular cells, tubular regeneration, and
occasional increase in mitosis (Mihatsch 1986). Low CsA
doses have been seen to initially cause a significant elevation
in intracellular calcium levels before the loss of cell viability.
CsA has also been shown to activate proapoptotic genes in
tubular and interstitial cells.

However, inclusion of I/C in CsA treatment was seen to
decrease renal function impairment in rats (Sido 1987). These
experiments were confirmed in nephrectomized rats under-
going kidney transplant (Hammer 1989) and subsequently in
humans. It was shown that cilastatin administration may
effectively counteract the nephrotoxicity induced by CsA in
the period immediately subsequent to a cardiac (Markewitz
1994), bone marrow (Gruss 1996), and kidney transplant
(Carmellini 1997, 1998).
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As cyclosporin A is not a substrate for DHP-I, the reasons
for the nephroprotective effect of concomitantly administered
imipenem/cilastatin (I/C) were not known to date, particu-
larly because cilastatin alone was not available, and experi-
ments in which cilastatin or imipenem were separately
administered had therefore not been conducted. As a result,
such effects could not clearly be attributed to one or the other
drug. Mraz (1987, 1992) suggested that the nephroprotective
effect, which he attributed to cilastatin, was due to reduction
of plasma CsA concentrations. However, Markewitz found
no significant differences in CsA doses or in blood levels of
CsA or its metabolites, in agreement with Sido (Sido 1987)
and Hammer (Hammer 1989). Gross noted that patients
treated with I/C had lower Cs A levels than patients not receiv-
ing I/C. However, the protective effect of I/C could not be
attributed to changes in CsA levels (Gruss 1996).

In 1996, Toyoguchi showed that the I/C combination was
able to reduce the nephrotoxicity of vancomycin in rabbits by
inhibiting renal vancomycin accumulation (Toyoguchi
1996). One year later, while conducting studies on glomerular
filtration of the animal, this author showed that cilastatin
alone accelerated renal excretion of vancomycin, decreasing
its levels in plasma and renal tissue (Toyoguchi 1997).
Although his study included morphological data about van-
comycin toxicity on renal tubule, the corresponding study
with cilastatin was not provided. These results did not there-
fore suggest that the combination of both drugs could have
clinical value, because an increase in renal excretion of van-
comycin would theoretically decrease its effectiveness.
Moreover, findings were not specific for the proximal tubule,
because I/C decreased vancomycin concentration in both
renal cortex and medulla.

Kusama et al conducted a pharmacokinetic study of the
influence of the presence of cilastatin in whole animals
administered vancomycin (Kusama 1998), and showed that
the increase in vancomycin clearance induced by cilastatin
was associated to a reduction in vancomycin renal clearance.
These authors found no glomerular filtration changes with
cilastatin, and could therefore not show any nephroprotective
effect, but suggested the existence an potential effect, relating
it to inhibition of dehydropeptidase 1 by cilastatin. They also
suggested that cilastatin may have an effect on vancomycin
reabsorption by the tubule, but as in studies by the Toyoguchi
group, they did not conduct any direct study on the subject in
cells, and could not therefore show the actual existence of
such an effect. Although this group postulated that cilastatin
competes with vancomycin for an entry point to the proximal
cell, neither its studies nor the subsequent Nakamura studies
(Nakamura 1998), in which the decrease in vancomycin
excretion in the presence of imipenem/cilastatin was ana-
lyzed, allowed for concluding whether this was a competition
with reabsorption or with tubular secretion of vancomycin
(Nakamura 1998).

Neither CsA nor vancomycin are substrates for renal
dipeptidase inhibitable by cilastatin. This is why the sugges-
tions made in discussions of previous studies that a common
transport system existed for imipenem and vancomycin met
with no great enthusiasm, as it was usually considered that the
mechanism by which this effect occurred was not elucidated.
Thus, it was not evident for an expert in the technique that
cilastatin could serve to decrease the nephrotoxicity of drugs
other than those already mentioned. Although it has recently
been reported that cilastatin is able to inhibit organic anion
transport systems (OATPs) at basolateral level, hypotheses
about its involvement in metabolism of other drugs have had
little success, because the anticipated effect of its action on
OATPs would be to increase circulating levels of the involved
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drugs and to reduce its global clearance. However, the effect
usually seen is exactly the opposite. In fact, the brochure
provided by the cilastatin manufacturer, Biomol International
LP (brochure accessible in the Internet at http://www.
biomol.com/SiteData/docs/ProductData/pil 53.pdf),
describes cilastatin as a dipeptidase inhibitor that inhibits
hydrolysis of -lactam antibiotics, attributing its nephropro-
tective action against the side effects of cyclosporin A to
inhibition of dipeptidase of the brush border of the proximal
tubule.

Cyclosporin is apolar, very sparingly soluble in water, and
soluble in lipids and organic solutes, and the chance that it
reaches the inside of cells of the proximal tubular epithelium
using the organic anion transport system (OATP) is very low.
Until now, its transport mechanism was considered to be
transmembrane passive diffusion. Vancomycin has an
amphoteric nature and is water-soluble, and could be a theo-
retical substrate for OATPs of the proximal tubule, but
nobody has directly studied such possibility.

All in all, it was not obvious either for experts in the
technique that there was any compound which could have an
effect on the nephrotoxicity of multiple drugs, or even on
nephrotoxic compounds with no known therapeutic activity,
decreasing their harmful effects on the renal proximal tubule.
This would however be of great interest, because nephrotox-
icity is a problem that affects many drugs and limits admin-
istration of doses which would be required to achieve their
effect on the condition intended to be treated. Nephrotoxic
effects require dose reduction or drug discontinuation before
full treatment has been administered. Therefore, identifica-
tion of any compound that decreases the nephrotoxicity of a
high number of drugs with nephrotoxic potential would be of
great interest for clinical practice. The possibility of inhibit-
ing a common entry mechanism would be a way to achieve
this. This invention provides a solution to that problem.

DESCRIPTION OF THE INVENTION

The invention provides for use of cilastatin to manufacture
a medicinal product to reduce nephrotoxicity of compounds
entering the cells of the renal proximal tubular epithelium
through cholesterol rafts.

It is based on the discovery, disclosed in this descriptive
report, that a great number of drugs and other compounds
with aknown nephrotoxic effect, whose transport mechanism
to the inside of cells of the proximal tubular epithelium was
unknown or was ascribed to other membrane molecules, enter
the cells through a pathway that is dependent on cholesterol
rafts. This transport pathway appears to be a general mecha-
nism independent from the chemical nature of the transported
compound, because the tested compounds for which such
transport has been detected (most of them drugs with a rec-
ognized therapeutic value but for which nephrotoxicity is a
major disadvantage) include both polar and apolar, cationic or
neutral compounds, both lipid and water soluble. The solu-
bility and acidity/basicity of such compounds are shown in
the table below:

TABLE 1

Chemical characteristics of the nephrotoxic compounds with which the
nephroprotective effect of cilastatin has been tested:

ACIDITY/  SOLUBILITYIN  SOLUBILITY IN
DRUG BASICITY ORGANIC MEDIA WATER
CYCLOSPORIN  apolar high low
TACROLIMUS apolar high insoluble
VANCOMYCIN amphoteric — high
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TABLE 1-continued

Chemical characteristics of the nephrotoxic compounds with which the
nephroprotective effect of cilastatin has been tested:

ACIDITY/  SOLUBILITY IN SOLUBILITY IN
DRUG BASICITY ORGANIC MEDIA WATER
GENTAMICIN neutral soluble in DMF soluble in water
insoluble in organic
solutes
CISPLATIN neutral DMF (9.7 mg/kg) 0.253 g/100 g
ACETAMIN- neutral  soluble in ethanol and moderately soluble
OPHEN acetone insoluble in hot water
in serum
FOSCARNET anionic insoluble soluble in water
IOPAMIDOL anionic soluble in methanol soluble in water
insoluble in chloroform
CHLOROFORM apolar soluble miscible in water
AMPHOTERICIN  anionic soluble in DMF soluble in water at
(2-4 mg/mL), pH 2 or pH
DMF + HCI 11 (0.1 mg/mL)
(60-80 mg/mL) DMSO
(30-40 mg/mL)
MANNITOL anionic soluble in glycerol soluble in water

insoluble in ether (1 g/5.5mL)

Tests shown in the Examples of this report demonstrate that
cilastatin is able to interfere with this transport mechanism by
decreasing accumulation of the main nephrotoxics in renal
tubular cell, thereby reducing the damage caused by them to
the proximal tubule. Cilastatin also results in reduction of
both early and late events associated to death from apoptosis
of'proximal tubular cells and in restoration of the morphology
and regenerative capacity of the tubular epithelium when
administered concomitantly with the nephrotoxic whose
effect is intended to palliate.

Administration of cilastatin is therefore able to decrease
the nephrotoxicity of a compound that enters the cells of the
renal proximal tubular epithelium using the transport mecha-
nism in which cholesterol rafts are involved. This leads to the
use proposed in the invention.

In addition, the specificity conferred to cilastatin action by
its targeting of a protein that is only located in the cholesterol
rafts of the proximal tubule allows for assuming (as suggested
by tests reported in Example 6 below) that it will have no
effect upon cells with no brush border (DPH-I-free) and will
thus exert a kidney-specific effect. This makes cilastatin par-
ticularly adequate for use in various clinical conditions, com-
bined with drugs targeted to different tissues, with no reduc-
tion occurring in the pharmacological activity of the drugs in
their target organs.

Thus, in a realization of invention, the compound whose
nephrotoxicity is intended to be reduced is a drug. A drug
other than cyclosporin A, vancomycin, or imipenem is pre-
ferred. In a realization preferred to the above, the drug is
selected among gentamicin, tacrolimus, cisplatin, foscarnet,
mannitol, iopamidol, amphotericin, and acetaminophen.

Whatever the drug, a preferred realization of the invention
is one in which the manufactured medicinal product contains
both cilastatin and the drug whose nephrotoxic effects are
intended to be reduced because this facilitates their concomi-
tant administration, but they may be part of the same phar-
maceutical dosage form (suspension, solution, tablet, freeze-
dried powder . . . ) or of different pharmaceutical dosage
forms but be included in a same medicinal product (e.g.
contained in two different vials or ampoules). This latter
dosage form allows for administering cilastatin at different
relative ratios to the nephrotoxic drug, or even for deciding
whether both compounds are given to the subject to be treated
simultaneously or separated by a time interval. Simultaneous
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administration of both drugs to the subject is particularly
preferred. However, cilastatin may be administered as
divided doses separated by an interval. The first such dose is
preferably administered at the same time as the drug whose
nephrotoxic effect wants to be reduced, and other cilastatin 5
doses may be administered in the period between successive
dose of the nephrotoxic drug. Cilastatin may be administered
by the oral or parenteral (intramuscular, intraperitoneal, or
intravenous) routes. Administration of cilastatin by the
parenteral route, especially by the intravenous route (which is
the most common form of parenteral administration in
humans) is preferred. The medicinal product including cilas-

10

8

tatin should therefore preferably be designed to be adminis-
tered by the parenteral route, e.g. a solution in saline or other
adequate, pharmaceutically acceptable solvent. Preferred
dosage forms also include those allowing for easy preparation
of cilastatin solutions or suspensions at the desired concen-
tration at the time of administration, such as powder presen-
tations.

As discussed above, drugs tested have different pharmaco-
logical effects (antibiotic, cytotoxic, anti-inflammatory, anti-
retroviral, anesthetic, and immunosuppressant drugs). Spe-
cifically, the following compounds have been tested in the
Examples provided below in this report:

TABLE 2

Formula and activity of the nephrotoxic compounds with which the

nephroprotective effect of cilastatin has been tested:

Compound Chemical formula Description
Cyclosporin A Cyclic endecapeptide with chemical
(CsA) formula Ce,H; ;N ;05 and a
molecular weight of 1202.16 Da. It
is used as immunosuppressant.
\ N
e}
¢}
e}
N O
/ [e)
: H
= N - N
W N
’ |
e} e}
Gentamicin H Aminoglycoside antibiotic with
N—R chemical formula C5H,3N50, and a
R molecular weight of 449.5.
o}
H,N
H,N
0 NH,
HO
e}
HO °
CH
NH
s/ OH
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Formula and activity of the nephrotoxic compounds with which the

nephroprotective effect of cilastatin has been tested:

Compound Chemical formula

Description

Tacrolimus

Vancomycin OH
NH,

QI OH

Cisplatin Cl “,
(]

Macrolide whose empirical formula,
in its monohydrate form, is
C44HgoNO 5, and with a molecular
weight of 822 Da. It is used as
immunosuppressant

Glycopeptide antibiotic with a
complex structure. Its empirical
formula is Cg4H,sCl,N,O,, and its
molecular weight 1485.7 Da.

Chemotherapeutic agent containing
platinum (diaminodichloroplatinum
(trans)). Empirical formula:
Pt(NH;),Cl,, and molecular weight
of 300 Da.
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Formula and activity of the nephrotoxic compounds with which the

nephroprotective effect of cilastatin has been tested:

Compound

Chemical formula

Description

Todinated contrast
(Iopamidol)

Foscarnet

Mannitol

Amphotericin B

Chloroform

Acetaminophen

HO
0 I
H
N
H
I I
OH OH
I
3 Nat | -0—P—C . 6 0
o o
HO

Ol
jus)

CHCl,

H
N CHj;

T

HO

Used for diagnosis by a nephrotoxic
radiological contrast.

Empirical formula

C,7H,,I5N;304 and molecular
weight of 777.09 D.

Antiretroviral. Pyrophosphate
analog.

Alcoholic sugar analog with formula
CgH 404 and molecular weight of
182.17 Da. It is used as an osmotic
diuretic.

Macrolide antifungal with an
empirical formula C,,H,3NO, and a
molecular weight of 924.07902 Da.

Toxic compound that may enter the
body by inhalation, intake, or
through the skin. Chloroform
inhalation or intake for long periods
may damage the liver, kidneys, skin,
and central nervous system.
Sporadic exposure to very high

levels may cause death.

Antipyretic analgesic derived from
acetanilide, with empirical formula
CgHoNO, and molecular weight of
151.16256 Da.
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As may be seen based on their formulas and the character-
istics given in Table 1, they all are compounds of a different
nature. For drugs for which a second mechanism of cellular
penetration may exist because of their anionic nature or
because they are extremely lipophilic, the nephroprotective
effect of cilastatin could be lower if such mechanism is not
inhibited by the latter. In addition to the transport system
described here in which cholesterol rails are involved, drugs
of an anionic nature at physiological pH may also enter the
renal cell through the organic anion transport system
(OATPs). The nephroprotective effect of cilastatin adminis-
tration is therefore lower in drugs of an anionic nature, such as
amphotericin B, because they have an alternative mechanism
for cell entry that is not inhibited by cilastatin. This is why one
of the preferred realizations of the invention is one in which
the drug is of a cationic or neutral nature at physiological pH,
at the normal blood pH of 7 or close to 7. As may be seen in
Table 1, of compounds with which the tests discussed in the
Examples, related to the nephroprotective effect of cilastatin,
have been conducted gentamicin, cisplatin, and acetami-
nophen show a neutral at physiological pH, while foscarnet,
iopamidol, amphotericin, and mannitol are anionic at such
pH. Cyclosporin, tacrolimus, and chloroform are of an apolar
nature, and could therefore also enter the proximal tubular
cells by passive diffusion.

At any rate, and as previously mentioned, preferred real-
izations of the invention include those where the drug is:

gentamicin;

tacrolimus;

foscarnet;

acetaminophen;

cisplatin;

amphotericin;

mannitol; or

iopamidol.

In a particularly preferred realization of the invention, the
nephrotoxic drug is foscarnet (phosphonoformic acid, nor-
mally administered as its trisodium salt hexahydrate), a pyro-
phosphate analog that specifically inhibits the DNA poly-
merase of herpesviruses and also has anti-HIV activity.
Foscarnet is used for the treatment of retinitis caused by
cytomegalovirus in AIDS patients treated with AZT, and also
for infections caused by herpesviruses resistant to AZT. Its
main adverse effect is precisely its renal toxicity, which limits
its use.

In another particularly preferred realization of the inven-
tion, the nephrotoxic drug is acetaminophen (N-(4-hydrox-
yphenyl)ethanamide), also known as paracetamol, a drug
with a known analgesic and antipyretic activity whose wide-
spread use, often without awareness that the normal dose is
close to overdose, has led to frequent intoxications, and even
to use in suicidal attempts. Although the most common effect
of'an acetaminophen overdose (a single acetaminophen dose
ot 10 g or continued doses of 5 g/day in a healthy subject not
drinking alcohol or 4 g/day in a usual alcohol drinker could
lead to toxicity) is liver damage. Renal failure is also common
and would have to be palliated in the event of an excess intake
of this drug.

In another particularly preferred realization of the inven-
tion, the nephrotoxic drug is cisplatin (cis-diaminodychloro-
platin IT). Cisplatin is a simple platinum compound used as an
antineoplastic agent against a variety of tumors (ovary, testis,
bladder, head and neck, lung, endometrium). However, cis-
platin has potentially lethal adverse effects affecting different
organs, the most common of which is nephrotoxicity, which
limits its use. Cisplatin treatments must often be stopped, or
its doses should be reduced to levels much lower than those
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desirable to achieve the chemotherapeutic effect sought, due
to nephrotoxicity caused by the drug. This is why the search
for methods to attempt and reduce its nephrotoxic effect
without decreasing its chemotherapeutic activity has become
a significant problem for which co-administration with cilas-
tatin represents a promising solution. As generally discussed
for any other drug, administration of cilastatin may be previ-
ous, concomitant, or subsequent to cisplatin administration,
may consist of more than one dose, and the administration
route may the same as or different from the administration
route of cisplatin. Cilastatin should preferably be adminis-
tered by the parenteral route (an intravenous route is preferred
in humans, although in rat experiments the parenteral admin-
istration form used is often the intraperitoneal route), and the
preferred cilastatin dosage is at least 750 mg/day as a daily
dose or as two divided daily doses.

In another realization of the invention, the compound has
no known activity as a drug, but is any other nephrotoxic
agent whose effects want to be limited which may have been
administered to a subject for different reasons, either acciden-
tal or not. Thus, the medicinal product in whose manufacture
cilastatin is used could also serve to mitigate the harmful
effects on the kidney of different compounds of a toxic nature
acting upon it, such as voluntarily or accidentally ingested or
inhaled poisons, administering such medicinal product after
entry of the nephrotoxic compound into the organism to be
treated, or even at the same time of such entry. In this latter
situation, cilastatin could serve as an antidote for the nephro-
toxic effects of any compound when such compound was
voluntarily taken.

Another aspect of the invention is a therapeutic method to
reduce the nephrotoxicity of a compound consisting of
administration of cilastatin to a subject in whom reduction of
the nephrotoxic effect is desired. The compound whose neph-
rotoxicity is intended to be reduced should preferably be a
drug. Cilastatin may be administered at the same time as the
drug whose nephrotoxic effect is intended to be reduced, but
also before and/or after administration of the nephrotoxic
drug. Such administration may occur as a single or divided
doses, the first of which may be prior, concomitant, or sub-
sequent to administration of the nephrotoxic drug. A drug
other than cyclosporin A, vancomycin, or imipenem is pre-
ferred. More preferably, the drug is selected among gentami-
cin, tacrolimus, cisplatin, foscarnet, mannitol, amphotericin
B, and acetaminophen

In the therapeutic method of the invention, cilastatin may
be administered by the oral, intramuscular, intraperitoneal, or
intravenous route (of which the last three may be considered
as parenteral routes, i.e. routes by which drug entry into the
bowel and drug passage to blood by mechanisms associated
to the bowel are avoided). Cilastatin should preferably be
administered by a parenteral route, especially the intravenous
route, e.g. as a solution in saline or other adequate, pharma-
ceutically acceptable solvent. For parenteral administration,
cilastatin dosage should preferably be at least 750 mg/day,
which may be administered as a single daily dose or at least
two divided daily doses.

An additional aspect of the invention is a composition
comprising a nephrotoxic drug and cilastatin. A preferred
realization of the invention is one in which the composition
does notinclude imipenem. It is particularly preferred that the
nephrotoxic drug is other than cyclosporin A or vancomycin,
and very particularly that the nephrotoxic drug is selected
among gentamicin, tacrolimus, cisplatin, foscarnet, mannitol,
amphotericin B, and acetaminophen. In any of the cases, the
composition may include at least one pharmaceutically
acceptable vehicle and may be provided as a powder or solu-
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tion, among other forms. In the latter case, the preferred
solvent is saline. In any of the realizations, the composition
should preferably be designed to reduce nephrotoxicity of the
nephrotoxic drug in the subject to whom it is administered.

The invention will now be explained in greater detail using
the following Figures and Examples.

SHORT DESCRIPTION OF FIGURES

FIG. 1 refers to blockade of circulation of cholesterol rafts
by cilastatin. The figure shows the fluorescence due to fluo-
rescent toxin B in cells of pig proximal tubular epithelium in
a primary culture, specifically:

FIG. 1A shows the change in fluorescence over time in
control cells (upper photographs of the right side of the figure)
and cells incubated in the presence of cilastatin (Control+
RRbp-x).

FIG. 1B is a graph representing the fluorescence seen in the
Golgi apparatus 2.5 hours after caveolae in membranes were
labeled with fluorescent B toxin (B-FITC toxin), expressed as
the number of cells per square millimeter showing such fluo-
rescence (no. of cells/mm?), in control cells (blank bar) and
cells treated with cilastatin (bar with continuous dark filling)
or filipin (bar filled with vertical lines).

FIG. 2 shows the lack of harmful effects of cilastatin on
cells and cell growth during the days of culture, expressed as
thousands of cells seen per square centimeter (cellsx1000/
cm?), in a primary culture of cells of pig proximal tubular
epithelium in the absence of cilastatin (control) or in the
presence of the cilastatin (CIL) concentrations given in the
figure.

FIG. 3 refers to reduction or absence of cell apoptosis in the
presence of cilastatin. The graph shows the oligonucleosome
enrichment factor, calculated as compared to control cells
incubated without nephrotoxics (first pair of bars), observed
when primary cultures of pig proximal tubular cells were
incubated with the indicated nephrotoxics in the absence (first
bar of each pair, blank) or the presence of cilastatin (second
bar of each pair, filled in black). *: ANOVA: effect of cilas-
tatin on each drug: p<0.05.

FIG. 4 shows that cilastatin prevents or reduces cell death
by anoikis:

FIG. 4A shows the flow cytometrics of supernatants from
primary cultures of proximal tubular cells incubated with
cisplatin (graphs of left column) or vancomycin (graphs of
right column) in the absence or presence of cilastatin (RRbp-
X) (lower graphs in both cases).

FIG. 4B shows the count of sloughed cells detected per
microliter of supernatant (No. cel/ul SN) when primary cul-
tures of proximal tubular cells were incubated with the doses
indicated in the X-axis of the nephrotoxic drugs vancomycin,
gentamicin, cisplatin, and acetaminophen, as indicated below
each graph. From each pair of bars, the initial bar (bars with
light grey filling) corresponds to the value obtained at incu-
bation with the nephrotoxic, and the second bar (bars with
dark grey filling) to the value obtained after co-incubation
with cilastatin (RRbp-X).

FIG. 4C shows the counts of cells shed to the supernatant
after incubating cultures of proximal tubular cells with
the nephrotoxic drugs vancomycin (data indicated by dia-
monds, 4), gentamicin (data indicated by triangles, A), or
cisplatin (data indicated by circles, *). Values obtained in
incubations without cilastatin are given in the X-axis, while
values after incubations with cilastatin (RRbp-X) appear in
the Y-axis. The identity line that would be obtained if the
values found in the presence or absence of cilastatin were
identical for each nephrotoxic is also represented.
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FIG. 5 refers to restoration of the mitochondrial oxidative
capacity of the proximal tubule in the presence of cilastatin.
MTT reduction (leading to the occurrence of a blue com-
pound, formazan) by tubular proximal cells in primary cul-
ture incubated with the nephrotoxics indicated in each graph
is shown. Graphs on the left correspond to occurrence of
formazan (measured as relative increase in medium absor-
bance at 595 nm) as seen in cells incubated for 24 hours with
the nephrotoxic concentrations given in the X-axis in the
absence (first bar of each pair, with a lighter filling or blank)
or presence of cilastatin (second bar of each pair, filled in
black). Graphs on the right correspond to formation of for-
mazan as detected in isolated cells in real time with no treat-
ment (control) or incubated with the nephrotoxic concentra-
tions stated in the graph in the absence or presence of
cilastatin (RRbp-X) after the incubation times in seconds
given in the X-axis. The nephrotoxic drugs for which results
are given include vancomycin (FIG. 5A), cisplatin (FIG. 5B),
acetaminophen (FIG. 5C), cyclosporin (FIG. 5D), and tac-
rolimus (FIG. 5E).

FIG. 6 demonstrates that cilastatin restores cell morphol-
ogy. The figurer shows photographs obtained by scanning
electron microscopy of cultures of proximal tubular cells
incubated in the presence of 1 pg/mlL. of cyclosporin (CsA 1
ng/mL., photographs A and B) or in the presence of 1 ng/mL
of cyclosporin and 200 pg/ml of cilastatin (photographs C
and D).

FIG. 7 refers to the improved cell recovery following
aggression seen in the presence of cilastatin. The figure shows
growth over the days of culture, given as thousands of cells
seen per square centimeter (cellsx1000/cm?), of the primary
culture of proximal tubular cells in the absence (control) or
presence of the amounts stated in the graphs of the nephro-
toxic drugs cyclosporin (CsA) (FIG. 7A) or tacrolimus
(FK506) (FIG. 7B), in the absence or presence of cilastatin
(Cil). In FIG. 7A, the symbols on the graphs have the follow-
ing meanings: *: cyclosporin vs. control, p<0.05; t: cilasta-
tin+cyclosporin vs. control, p<0.05; #: cilastatin+cyclosporin
vs. cyclosporin, p<0.05. In FIG. 7B, the meanings are
similar: *: FK506 vs. control, p<0.05; 1: FK506+cilastatin vs.
control, p<0.05; # FK 506+cilastatin vs. FK 506, p<0.05.

FIG. 8 shows the results of tests of formation of surviving
colonies, potential formers of regeneration colonies, detected
by staining with crystal violet of cultured cells treated with
each of the nephrotoxics indicated below the graphs, in the
presence and absence of cilastatin. An improved cell recovery
from nephrotoxic aggression, with an increased long-term
survival (7 days), could be seen following co-administration
of cilastatin and the nephrotoxics indicated below the graphs.
FIG. 8A: gentamicin (in this case, and as an example for all
others, photographs of the dishes where cells surviving
aggression appear stained with crystal violet are shown); FIG.
8B: Vancomycin, FIG. 8C: cisplatin, FIG. 8D: acetami-
nophen, FIG. 8E: cyclosporin; FIG. 8F: tacrolimus (FK506).
Graphs show the results obtained from measurement of
absorbance at 595 nm of the stain of proximal tubular cells
incubated for 24 hours with the nephrotoxics indicated in
each case, at the concentrations given below the bars, after
cell staining with crystal violet. The first bar of each pair
corresponds to incubation in the absence of cilastatin (white
bars), and the second bar to incubation in the presence of
cilastatin (black bars).

FIG. 9 shows intracellular accumulation of various neph-
rotoxics (from left to right: vancomycin, cyclosporin, tacroli-
mus (FK506), acetaminophen, cisplatin, and gentamicin)
when primary cultures of proximal tubular cells were exposed
for 24 hours to increasing concentrations of nephrotoxics in
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the absence (white bars) or in the presence (black bars) of
cilastatin (RRbp-x). Cilastatin was shown to prevent entry of
nephrotoxics into the proximal cell. *: cilastatin effect
p<0.05; #: dose eftect p<0.05.

FIG. 10 shows that the nephroprotective effect of cilastatin
is specific for the proximal tubule. The absence of a protective
effect of cilastatin (RRbp-X) upon induction of cell death
induced by cyclosporin A (CsA) is shown by representing the
percent cell death seen in T cells (the target of cyclosporin A)
incubated in the absence of treatment (“negative control”) or
incubated with camptothecin  (“positive  control”),
cyclosporin A (“CsA”), or cyclosporin A+cilastatin. FIG.
10A shows the increase over time in percent cell death caused
by CsA in the studied period: after 4 hours of incubation (first
bar of each pair) or after 16 hours of incubation (second bar of
each pair). FIG. 10B depicts the dose-response effect of the
lethal effect of CsA on human T cells, shown by the differ-
ences found on incubation with different doses of CsA. This
figure shows the absence of the protective effect of cilastatin
(RRbp-X) on cell death induction by cyclosporin (CsA) by
representing the percent cell death seen in lymphocytes incu-
bated in the absence of treatment (“negative control”) or
incubated with camptothecin  (“positive  control”),
cyclosporin at 1 pg/mL (third pair of bars) or cyclosporin at
100 pg/ml. (fourth pair of bars). The absence of a protective
effect in the presence of cilastatin is seen (second bar of the
third and fourth pair of bars).

FIG. 11 also shows that the nephroprotective effect of
cilastatin is specific for the proximal tubule. The effect of
cisplatin on mitochondrial activity in HelLa tumor cells (the
target of cisplatin), obtained from the absorbance values at
595 nm measured in the cells idler conducting the MTT
reduction test after incubation for 12 hours (FIG. 11 A) or 24
hours (FIG. 11B) with the compounds indicated below the
bars, is shown. Control: untreated cells, incubated with cul-
ture medium alone; CISPLA: cell incubated with cisplatin at
concentrations of 1 uM (second pair of bars in each graph), 10
UM (third pair of bars in each graph), or 30 uM (fourth pair of
bars in each graph); CAMPTO: camptothecin, positive con-
trol for death from apoptosis. Each of the treatments was
carried out in the absence of cilastatin (first bar of each pair:
bars filled grey, “NO CIL”) or in the presence of cilastatin
(second bar of each pair: bars filled black, “WITH CIL”).
*p=0.05 vs. control and control+cilastatin; ns=not signifi-
cant.

FIG. 12 refers to a preliminary in vivo test (Wistar rats)
conducted to verify that the nephroprotective effect of cilas-
tatin could be observed in viva. The study was specifically
designed to show nephroprotection by cilastatin against acute
toxic renal failure caused by cisplatin:

FIG. 12 A shows a scheme of the administration regimen of
cisplatin and cilastatin given to the animals.

FIGS. 12B and 12C respectively show the values of BUN
(blood urea nitrogen) and creatinine (CREA), both given in
mg/dl, measured in blood serum of 5 animals observed:
Cisplatin+cilastatin (RRbp-X) 75 mg/kg/12 h: animal with
intraperitoneal injection of cisplatin (5 mg/kg/body weight,
dissolved in saline)+cilastatin (RRbp-X)—dissolved in
saline—at a dose of 75 mg/kg body weight every 12 hours by
the intraperitoneal route from the day of cisplatin administra-
tion and until the day of killing; cisplatin+cilastatin (RRbp-
X) 150 mg/kg/12 h: animal with intraperitoneal injection of
cisplatin (5 mg/kg/body weight, dissolved in saline)+cilasta-
tin (RRbp-X) at a dose of 150 mg/kg body weight every 12
hours in the same regimen and formulation as above; cispl-
atin: animal with intraperitoneal injection of cisplatin (5
mg/kg/body weight, dissolved in saline) plus saline every 12
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hours at the same volumes and regimens as for the groups
treated with cilastatin; vehicle: animal treated with saline at
the same volumes and regimens as if it was treated with
cisplatin and cilastatin; control: animal with no injection or
treatment.

FIG. 13 refers to a second nephroprotection study, also
conducted in vivo (Wistar rats), intended to confirm the neph-
roprotective effect of cilastatin against acute toxic renal fail-
ure caused by cisplatin:

FIG. 13 A shows a scheme of the administration regimen of
cisplatin and cilastatin given to the animals.

FIGS. 13B, 13C, 13D, and 13E respectively show the val-
ues of serum creatinine (mg/dL), renal clearance (ml/min/100
g), proteinuria (mg/24 hours), and osmolality (mOsm/kg)
measured in samples from the 4 groups of animals under
observation: Control (treated with saline alone) (white bars
with no filling); control+cilastatin (animals given cilastatin
dissolved in saline at doses of 75 mg/kg body weight every 12
hours by the intraperitoneal route from the day of cisplatin
administration and until the day of killing) (white bars with
dark stippled filling); cisplatin (animals with intraperitoneal
cisplatin injection (5 mg/kg body weight, dissolved in saline)
plus saline every 12 hours at the same volumes and regimens
as for cilastatin-treated groups) (bars with solid black filling);
cisplatin+cilastatin (animals with intraperitoneal cisplatin
injection (5 mg/kg body weight, dissolved in saline) plus
cilastatin dissolved in saline at 75 mg/kg body weight every
12 hours by the intraperitoneal route from the day of cisplatin
administration and until the day of killing) (bars with black
filling and white stippling). In FIGS. 13B and 13C: *:
P<0.0001 vs. control and control+cilastatin; &: P<0.005 vs.
cisplatin. In FIGS. 13D and 13E, *: P<0.005 vs. all other
groups.

FIG. 14 shows a diagram derived from the specifications in
the cilastatin summary of product characteristics, animal
tests, tests in cells in culture, and references to other animal
models. The diagram relates the effective cilastatin doses
given, in milligrams per kg body weight (mg/kg) (data in the
X-axis), to pericellular cilastatin levels, given as milligrams
per liter (mg/L) in the Y-axis. Symbols: diamonds (#): rabbit
data; triangles (A): rat data; blank squares ( ): data from
experiments conducted with cultured pig cells; filled squares
with a central point (1 ): data from the summary of product
characteristics of the commercial product for humans con-
taining cilastatin. The shaded box represents the safety area
derived from pericellular concentration data (pig). Symbols
surrounded by circumferences represent the doses at which
cilastatin efficacy is shown in this report.

EXAMPLES

The following experimental products and procedures were
used for the Examples described below:

Nephrotoxics and Nephroprotector (Cilastatin)

Cyclosporin A: Purchased from Sandoz (Novartis), Sandi-
mum (solution for injection).

Tacrolimus: Purchased from Astellas, Prograf (solution for
injection).

Gentamicin: Purchased from Guinama (powder).

Vancomycin: Purchased from Combino Pharm (powder).

Cisplatin: Purchased from Pharmacia (solution for injec-
tion).

Acetaminophen: Purchased from Bristol-Myers Squibb,
Perfalgan, (solution for injection).

Amphotericin B: Purchased from Bristol, Fungicina (pow-
der).

Chloroform: Purchased from Scharlau (liquid solution).
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Mannitol: Purchased from Braun, Osmofundina (20%

mannitol) (solution for injection).

Foscarnet: Purchased from AstraZeneca, Foscavir (solu-

tion for injection).

Iodinated contrast (iopamidol): Purchased from Rovi,

Iopamiro (solution for injection).

Cilastatin: Purchased from Merck, Sharp & Dohme (pow-

der).

Primary Cultures of Cells from the Proximal Tubular Epi-
thelium Primary cultures of cells from the proximal tubular
epithelium were obtained from kidneys of miniature pigs of
the Maryland strain. These pigs have been genetically
selected for organ transplant studies and are homozygous for
three loci of the major histocompatibility complex (MHC)
(Sachs et al, 1976). Animals came from the specialized farm
of the Aranjuez. Farming Complex held by the Madrid
regional government for animal experimentation purposes.

Animals selected for this study had a mean age of 3 months
and a mean weight of 31.3+0.7 kg, and no distinction was
made between males and females.

Animals used were handled at all times in accordance to the
applicable legal regulations (Royal Decree 1205/2005 of
October 10, 252/2005) by staff trained in the management of
experimental animals and under the supervision of the veteri-
nary surgeon in charge.

Twelve hours before surgery, animals were fasted and
given water ad libitum. Animals were premedicated 15 min-
utes before surgery with ketamine 10 mg/kg body weight and
atropine 0.025 mg/kg IM. Once sedated, animals were trans-
ferred to the operating table, placed in a supine position,
anesthetized with an induction dose of propofol 10 mg/kg IV,
and intubated. During surgery, anesthesia was maintained
with nitrogen peroxide/oxygen (4 L/min NO2 and 2 L/min
02), Diprivan® (Propotol) 15 mg/kg/h, Fentanest® (Fenta-
nyl) 0.75 mg/20 min, and Pavulon® (pancuronium bromide)
2 mg/20 min. Animals were killed using an anesthetic over-
dose and potassium chloride (KC1).

Kidneys were removed in the operating room under sterile
conditions by bilateral simple nephrectomy through a
transperitoneal approach. Once removed, kidneys were
immediately transferred to HAM’S-F12 (Bio-Whittaker)
with penicillin (100 IU/ml) and streptomycin (100 pg/ml)
(Bio-Whittaker) at 4° C.

To isolate proximal tubules, the cortex was dissected and
sectioned under a laminar flow hood (Gelaire Flow laborato-
ries, modelo BSB 3A) using a Steadie-Riggs microtome (To-
mas Scientific, USA) Sheets were gassed with carbogen and
digested with collagenase A (Sigma) (30 mg/kidney), diluted
in HAM’S F12 (50 mIL/kidney, final collagenase concentra-
tion 0.6 mg/mL), for 20 or 30 minutes under stirring (150
rpm) at 37° C. This process was monitored to prevent excess
digestion, removing the tissue when turbidity was seen in the
medium and the edges of tissue sheets appeared disintegrated.

After stopping digestion with cold HAM’S, the digested
material was filtered through a 250 um metallic mesh (ENDE-
COTTS LTD.). The filtrate was washed three times with
HAM’S-F12 in a centrifuge (Sorvall GLC-2B, tilt rotor) at
150 g for one minute to remove collagenase residues. Tubule
content in the final sediment was 80%. In order to increase
purity and remove contaminants, this was processed through
a 45% isotonic Percoll gradient (Pharmacia) in Krebs-bicar-
bonate buffer (NaCl 112 mM, KC13.3 mM, PO H,K 1.2mM,
MgS0,.7H,0 1.2 mM, CaCl, 0.5 mM, 95% O,/5% CO,) and
centrifuged at 20000 g for 30 min (RC-5B, Refrigerated
superspeed Centrifuge, Rotor SS-34). Proximal tubules (Te-
jedor 1988) with a purity higher than 98% are found in lane 4.
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Tubules were collected with a sterile Pasteur pipet and
were washed three times with cold HAMS-F12 with penicil-
lin (10000 TU/mL) and streptomycin (10000 pg/ml.) at 150 g
to remove Percoll. The precipitate obtained was weighed to
determine the yield.

For obtaining the primary culture of proximal tubular cells
(PTCs), tubules were diluted at a concentration of 0.66 mg of
tubules/mL of culture medium (CM): HAM’S-F12/DMEM
(Dulbecco’s Modified Eagles’s Medium with 1 g/L. glucose,
Bio-Whittaker) in a 1:1 ratio, supplemented with HEPES 25
mM, glutamine 2.5 mM, 1% non-essential amino acids, peni-
cillin 100 U/mL,, and streptomycin 100 pg/mL, 2% fetal calf
serum (FCS) (Bio-Whittaker), sodium bicarbonate 20 mM
(MERCK), hydrocortisone 5x107* M, insulin 5 ug/mL, trans-
ferrina 5 pg/ml, and selenium 5 ng/mL (SIGMA).

Five milliliters of this suspension were distributed in each
dish (Corning, 60 mm in diameter). Dishes were kept in an
incubator (Heraeus) at 37° C. with 5% CO,. The first change
of medium was not made until the fourth day, to allow cell
adhesion to the dish. Form that day, the medium was changed
every 2-3 days. Cells reached confluence at 8-10 days, and
signs of senescence started to occur at 12-13 days.

Cell Growth Dynamics

Cultured cells were counted in situ on images of the cell
monolayer obtained in a microscope in a 40x field, calibrated
using a Neubauer grid and corresponding to 0.0775 mm?.
Images were acquired using a videomicroscopy system
(COHU camera coupled to a computer through a VG-5 video
recording card with integration chip) that allowed for rapid
image recording, so that cells were returned to the incubator
after a short time period. Images were analyzed using Scion
Image software (Scion Corporation. 1998), based on the
Image deMclntosh software of the National Institute of
Health, USA.

In each culture, each tested treatment was applied to a
minimum of six dishes. Each dish was assigned a number and
was divided into seven sectors, six peripheral and one central.
Dishes were selected using a random number table (Epiinfo)
for taking images at the specified times. Three dishes of the
corresponding treatment were selected, and seven images
were taken from each of them, one from each sector. The
mean value of the 21 counts was considered as the value n=1
for the corresponding day and treatment. The “n” given in the
corresponding experiments represents the number of animals
studied for each condition, and the measures of change cor-
respond to the errors of the means between animals for the
tested condition.

Confocal Microscopy

To study cilastatin interaction with CRs, cholera toxin B
conjugated with a fluorophore (FICT, supplied by Molecular
Probes) that uses such rafts for its cell internalization was
employed. Two modifiers of cholesterol rafts were also used
as negative controls: cyclodextrin, supplied by Sigma Spain,
and filipin, supplied by Calbiochem.

Primary cultures of PTCs were pre-incubated with cyclo-
dextrin (CDX) (1 mM), filipin (50 ng/mL), cilastatin (200
png/mL), or culture medium alone (controls) for 20 minutes.
These were subsequently incubated with cholera toxin
B-FITC (10 pg/ml) at different times (1 hour and 2.5 hours).
Cells were washed with PBS and fixed with 4% formaldehyde
at room temperature for 5 minutes. Samples were mounted in
an inverted position on slides with a drop of DAKO Fluores-
cent mounting medium and were observed in the confocal
microscope.

Nucleosome Enrichment: Release of Oligonucleosomal
DNA to the Cytosol To quantify oligonucleosomes present in
the cytosol of cultures of proximal tubular cells treated for 48



US 9,216,185 B2

21

h with the nephrotoxic compounds selected (cyclosporin A,
gentamicin, tacrolimus (FK506), vancomycin, cisplatin, iodi-
nated contrast, foscarnet, mannitol, amphotericin B, chloro-
form, and acetaminophen) in the presence or absence of cil-
astatin, the enzymoimmunoassay kit for death cell Cell Death
Detection ELISA™*Y® (Boehringer Mannheim), that deter-
mines oligonucleosomes with antihistone-biotin and anti-
DNA-peroxydase antibodies, was used.

The previously described proximal tubular cells were cul-
tured to confluence in plates of 24 wells 16 mm in diameter,
subjected for 48 h to the corresponding treatments, and lysed
with 200 pL of lysis solution for 30 min at room temperature.
The lysate was collected and centrifuged at 200 g for 10 min
(Eppendorf 5417C). From the resulting supernatant (cytoso-
lic fraction), 20 pul. were added to each of the streptavidin-
coated wells of the ELISA plate, adding a mixture of anti-
histone-biotin antibodies (which recognize the streptavidin in
the plate bottom and histone proteins in DNA) and anti-DNA-
peroxydase antibodies (which recognize DNA; peroxydase
performs the colorimetric reaction allowing for quantifica-
tion), and incubating 2 hours at room temperature.

Once incubation had occurred, wells were washed, ABTS
(a peroxydase substrate) was added, and activity was mea-
sured photometrically at 405 nm with an Anthos 2020 plate
reader. The relationship between the enzymatic activity of a
sample incubated for a given time period and the correspond-
ing value at time O hours after activation (enrichment factor)
was calculated.

Assessment of Mitochondrial Activity using MTT

Mitochondrial functionality of PTCs was measured by
metabolic reduction of 3-(4,5-dimethylthiazole-2-y1)-2,5-
diphenyltetrazole bromide (MTT, supplied by Calbiochem),
performed by the mitochondrial enzyme succinate dehydro-
genase, yielding a blue-colored compound (formazan). Cells
were seeded into 96-well plates, grown to semiconfluence,
and subjected to their corresponding treatments for 24 hours.
MIT was subsequently added to each well at a final concen-
tration 0f'0.5 mg/ml, and incubated for 3 hours at 37° C. in the
dark. Once this incubation was completed, 100 pL of lysis
buffer (20% SDS in 50% N,N-dimethylformamide, pH 4.7)
were added, and the plate was incubated overnight at 37° C. in
the dark. Absorbance was measured at 595 nm on the follow-
ing day.

Percent viability was calculated as follows:

OD treated cellsx 100

% Viability=
o Viabity OD control cells

Real time MTT reduction was measured in semiconfluent
proximal cells seeded in 24-well plates (16 mm in diameter)
in which culture medium was replaced by MTT at 0.5 mg/mL
of final concentration in PBS. This reduction was determined
by measuring absorbance at 595 nm with an Olympus 1X70
inverted fluorescence microscope coupled to a photomulti-
plier controlled from a SLM Aminco 2000 fluorimeter. Two
measurements were made in the first test (with vancomycin),
one control to quantify the amount of MTT reduced by the
cells in the absence of the toxic and one incubation with
vancomycin 25 mg/mL for 20 min. In the second test (cispl-
atin, acetaminophen, cyclosporin, and tacrolimus), the same
measurements were done, but in this case, instead of incubat-
ing with the toxic, the latter was directly added to the plate
during absorbance recording. In this test, a third recording
was added in which MTT reduction was measured in proxi-
mal cells treated with vancomycin at the same concentration
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as previously and with cilastatin 200 pg/mL from the start of
recording. In this test, as in the previous ones, vancomycin
was directly added to the plate during measurement of absor-
bance.

Viability of Proximal Tubular Cells: Flow Cytometry Sub-
confluent primary cultures of PTCs, subject to the corre-
sponding treatments for 24 hours, were used. Cells shed to the
supernatant were collected by direct aspiration using an auto-
matic pipet, and adherent cells were separated from the cul-
ture plate by trypsinization.

The PTCs thus obtained were separately fixed and perme-
abilized with 70% ethanol and stored at —20° C. After remov-
ing ethanol, cells were washed two times with PBS. They
were subsequently incubated with PBS-EDTA, propidium
iodide (PI) 40 pg/ml., and RNAse 250 ng/mL. for 45 minutes
in the dark and at room temperature.

The count was performed in a FACScan cytometer (Beck-
ton Dickinson) equipped with a simple argon ion laser. Win-
dows were fixed based on the characteristics of FSC (size),
SSC (complexity), FL2-H (height), FL2-A (area), and
FL2-W (width). The latter two were used to rule out cell
doublets. Analysis was performed using WinMDI 2.9 soft-
ware.

Scanning Electron Microscopy

Scanning electron microscopy studies were carried out at
the Department of Pathology of Gregorio Maraifién General
University Hospital.

For scanning microscopy techniques, plastic coverslips 25
mm in diameter (Nunc) were placed in the base of culture
plates. After the corresponding treatment, cells were fixed
with 1% glutaraldehyde in PBS for one hour, washed and
incubated for 24 hours at 4° C. with 1% osmium tetroxide in
PBSina 1:1 ratio. After removing osmium tetroxide, samples
were dehydrated with acetone, sequentially increasing its
proportion from 50% to 100% in 30-minute passages and
mounted on an aluminium support and shaded with gold
(Fine Coat Ion Sputter JFC-1100JEOL). Finally, photos were
taken using a JEOLJSM-T300 scanning microscope.

Colony Formation Test Using Crystal Violet Staining Cells
were seeded in 6-well plates to semiconfluence and were
treated for 24 hours with the corresponding toxics in the
presence and absence of cilastatin. Cells were subsequently
detached with trypsin and washed with sterile saline to
remove residues of stimuli. Cells were re-seeded in 100-mm
Petri dishes with 10% FCS medium and grown for 7-10 days.
After this time, culture medium was removed from the dishes,
which were fixed for 5 minutes with 5% paraformaldehyde in
PBS and stained for 2 minutes with crystal violet (0.5%
crystal violet in 20% methanol). Once stained, cells were
washed twice with PBS 1x and were photographed. After
taking the photographs, crystal violet was eluted with 2 mL. of
eluate solution (50% ethanol and 50% 0.1M sodium citrate,
pH 4.2). Eluate absorbance was quantified in an ELISA
reader at 595 nm.

Total Protein Extraction and Quantification of Intracellular
Concentration of Toxics in PTCs

Subconfluent primary cultures of PTCs were subjected to
treatment with the different nephrotoxics tested for 24 hours.
After incubation, culture medium was discarded, adding 400
ul of lysis bufter (2.2% (w/v) SDS; 19.33% (v/v) 87% glyc-
erol (v/v); 790 mM Tris HCI pH 6.8, 50 mL) per 100-mm
diameter dish at 70° C. Cells were subsequently detached,
and the final volume obtained was recorded. Cell lysate was
subjected to a thermal shock, for which it was first heated at
100° C. for 5 min and then placed on ice. Each sample was
subjected to sudden decompression. Samples were centri-
fuged at 12000 rpm for 5 min, and supernatant was collected.
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Protein concentration was measured using the Bradford
method (Bradford 1976), and samples were stored at —20° C.
until use.

Intracellular accumulation was measured in lysates of cells
treated with nephrotoxics, in the presence or absence of cil-
astatin, using fluorescence polarization immunoassay (TDX)
(ABBOTT Laboratories, USA) according to manufacturer
instructions, except for cisplatin, whose intracellular concen-
tration was measured using mass spectrometry with inductive
coupling plasma ICP-MS Termo X-Series (Termo Electron,
Windsford, Cheshire, United Kingdom) monitoring isotopes
195py, 199pt, and 7'Ir.

Cell Viability in Lymphocytes

CD3+ lymphocytes isolated from peripheral blood, sepa-
rated by immunomagnetism from healthy donors after
obtaining their informed consent (cell samples courtesy of Dr.
Bufio, Department of Bone Marrow Transplant, Gregorio
Maraiiéon Hospital), were used to assess the potential interac-
tion of cilastatin in lymphocytes treated with CsA. The
sample was centrifuged at 120 g and was resuspended in 750
puL of RPMI medium (in the absence of FCS: fetal calf serum)
to quantify the number of cells available using trypan blue.
One hundred thousand cells per point were distributed.

Lymphocytes were incubated in RPMI (Bio-Whittaker)
with no treatment (negative control), with CsA, with cilasta-
tin, with both, and finally with camptothecin (Sigma) as posi-
tive control for death from apoptosis. Incubation was per-
formed for 4 hours at 37° C. Cells were centrifuged for 6
minutes at 1200 rpm. The precipitate was resuspended in 100
plL of buffer (10 mmol/l. HEPES, 150 mmol/I. NaCl, 5
mmol/LL KCl, 1 mmol/. Mg Cl,, 1.8 mmol/L. CaCl,) and 5 pl,
of annexin-V. It was incubated in the dark for 10 minutes.

Intensity of green fluorescence of cells was quantified as
displacement in the logarithmic scale from control (cells
growing in 10% FCS) versus the number of cells analyzed.
Cell debris was excluded from the analysis.

Apoptosis was also determined in lymphocytes at 16 hours
by adding higher doses, 100 ug/ml. and 1000 pug/ml., to the
previous ones.

Cell Viability in Tumor Cells (HeLa)

Cisplatin is another drug for which it is extremely critical to
discern whether the nephroprotection provided by cilastatin
is associated or not with a reduction in drug potency.

To ascertain that cisplatin did not lose antitumor cytotoxic
activity in the presence of cilastatin, the drug was tested on a
tumor cell line such as Hel.a cells. The procedure use for
conducting the tests was the previously described assessment
of mitochondrial activity using MTT. The procedure was
carried out at 12 and 24 hours with cisplatin doses of 10 and
30 uM. Camptothecin 50 pg/ml. was used as positive control.
The presence or absence of cilastatin (200 pg/mL) resulted in
no change in its cytotoxic effect.

Experimental in Vivo Model of Cilastatin Nephroprotec-
tion Against Acute Toxic Renal Failure Caused by Cisplatin:
A Preliminary Study

For the preliminary in vivo study on cilastatin protection
against cisplatin-induced renal aggression, male Wistar rats
with a mean weight 0290+20 g and a mean age of 8-9 weeks,
bred and kept at the animal house of the Section of Experi-
mental Medicine and Surgery of Gregorio Marafion General
University Hospital, were used.

Animals were handled at all times according to the appli-
cable legal regulations in Royal Decree 1201/2005, of Octo-
ber 10, on the protection of animals used for experimentation
and other scientific purposes, under the direct supervision of
the veterinary surgeon in charge.
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Five animals, each subjected to a different treatment regi-
men, were preliminarily used. Two of the animals did not
receive cisplatin (control and vehicle), while the other three
animals were administered a single intraperitoneal injection
of cisplatin dissolved in saline at a dose of 5 mg/kg body
weight. Among the three animals given cisplatin, one also
received cilastatin (RRbp-X) dissolved in saline by the intra-
peritoneal route, at a dose of 150 mg/kg body weight every 12
hours, from the day of cisplatin administration to the day of
killing. Another animal treated with cisplatin received cilas-
tatin (RRbp-X) in the same regimen and formulation, but at a
dose of 75 mg/kg body weight every 12 hours. The last animal
treated with cisplatin received saline (cilastatin vehicle) in the
same regimen and formulation as in the previous two groups.
Among animals not treated with cisplatin, one was adminis-
tered saline in the same volumes and regimens as in the other
three groups (vehicle), while the other animal did not receive
any puncture or treatment (control) (FIG. 12A).

As may be seen in FIG. 12A, the study lasted 5 days from
intraperitoneal administration of cisplatin or saline in the case
of'the vehicle animal, and throughout the period animals were
given free access both to water and feed (standard diet) under
controlled light, temperature, and humidity environmental
conditions. At the time of killing, animals were weighed and
anesthetized with ketamine (10 mg/kg) and diazepam (4
mg/kg). Once anesthetized, blood was drawn by cannulation
ofthe abdominal aorta at the bifurcation level. This blood was
kept for 30 minutes at 37° C. and subsequently for 1 hour at 4°
C., after which it was centrifuged at 2000 rpm for 15 minutes
at 4° C. This allowed for separation of blood serum, which
was stored at —80° C. until use.

In Vivo Experimental Model of Nephroprotection by Cil-
astatin Against Acute Toxic Renal Failure Caused by Cispl-
atin: Study on Wistar rats.

For the in vivo experimental model of cilastatin protection
against cisplatin-induced renal aggression, male Wistar rats
with a mean weight 0of 260+15 g and a mean age of 7-8 weeks,
bred and kept at the animal house of the Section of Experi-
mental Medicine and Surgery of Gregorio Marafion General
University Hospital, were used.

Animals were handled at all times according to the appli-
cable legal regulations in Royal Decree 1201/2005, of Octo-
ber 10, on the protection of animals used for experimentation
and other scientific purposes, under the direct supervision of
the veterinary surgeon in charge.

Two weeks before the experimental animal model was
started, animals were weighed, identified by numbers, and
separated into different cages based on the study groups.
Animals were watched and weighed several times before the
start of the study to ascertain their evolution.

A total of 28 animals were used, which were randomized
into 4 groups with a sample size n=6-8 animals per group. The
study groups and their treatments were therefore as follows
(FIG. 13A):

Cisplatin+Cilastatin group (n=8): animals with a single
intraperitoneal administration of cisplatin (5 mg/kg/
body weight), dissolved in saline, +cilastatin (dissolved
in saline) at a dose of 75 mg/kg body weight every 12
hours by the intraperitoneal route from the day of cispl-
atin administration and until the day of killing.

Cisplatin group (n=8): animals with a single intraperito-
neal administration of cisplatin (5 mg/kg/body weight),
dissolved in saline, every 12 hours in the same volumes
and regimens as groups treated with cilastatin.

Control+Cilastatin group (n=6): animals treated with intra-
peritoneal administration of saline (cisplatin vehicle) in
the same volume as cisplatin-treated groups, plus cilas-



US 9,216,185 B2

25

tatin (dissolved in saline) at a dose of 75 mg/kg body
weight every 12 hours by the intraperitoneal route from
the day of administration of saline (cisplatin vehicle)
and until the day of killing.

Control Group (n=6): animals treated with saline in the
same volumes and regimens as the groups treated with
cisplatin and/or cilastatin.

As may be seen in FIG. 13 A, the study lasted 5 days from
intraperitoneal cisplatin administration (in the cisplatin and
cisplatin+cilastatin groups) or saline (in the control and con-
trol+cilastatin groups). From that time, cilastatin (in the con-
trol+cilastatin and cisplatin+cilastatin groups) or its saline
vehicle (in the cisplatin and control groups) were co-admin-
istered every 12 hours. Throughout the period, animals were
given free access to both water and feed (standard diet) in a
controlled light, temperature, and humidity environment.
One day before killing, animals were introduced into meta-
bolic cages with free access to feed and water ad libitum to
collect 24-hour urine, in order to quantify urine output and
protein concentration. Proteinuria was measured using the
sulphosalicylic acid method (Gyure, 1977) and was
expressed as mg of protein/24 hours.

At the time of killing, animals (previously weighed) were
anesthetized in the experimental operating room with ket-
amine (10 mg/kg) and diazepam (4 mg/kg) and were drawn
blood by cannulation of the abdominal aorta at the bifurcation
level. Blood was first incubated for 30 minutes at 37° C., and
then for one hour at 4° C. Subsequent centrifugation at 2000
rpm for 15 minutes at 4° C. allowed for obtaining blood
serum, which was frozen at —80° C. until use. After exsan-
guination, the aorta was clamped to cut its flow above the
kidneys, the inferior vena cava was perforated, and kidneys
were perfused through the cannula with cold saline (Braun
Medical S. A., Barcelona, Spain). Kidneys were subsequently
removed, decapsulated, and kept in cold saline during their
handling to minimize tissue degradation. Kidneys (right and
left) were weighed and were subsequently handled similarly.
Rightkidneys were cross sectioned just above the renal artery,
and their upper renal poles were introduced into 4%
paraformaldehyde in PBS for 24 hours for their subsequent
fixation and paraffin embedding. The rest of the right kidneys,
as well as left kidneys, were separated into cortex and
medulla, and both samples were frozen in liquid nitrogen and
stored at —80° C. until use.

Samples of the heart, liver, and aorta were also taken from
the animals, and were adequately processed and stored at
-80° C.

Renal samples immersed in paraformaldehyde were fixed
for 24 hours at 4° C. They were subsequently dehydrated with
increasing ethanol concentrations and finally embedded in
paraffin in the Histolab ZX tissue processor (Especialidades
Meédicas MYR SL, Tarragona, Spain) for morphological and
immunohistochemical studies.

Hemodynamic variables and serum and urine kidney func-
tion parameters (FI1G. 14) were measured using a Dimension
RxL autoanalyzer from Dade-Behring according to manufac-
turer instructions.

Statistical Analysis

In Vivo Experiments

All tested variables of interest were quantitative continu-
ous variables, and their values are given as the mean+standard
error of the mean. All measurements were performed in dupli-
cate, and each result provided was obtained in at least three
preparations from different animals. When singular tracings
are shown, similar results have been obtained in at least two
additional occasions.
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Effects of cilastatin on the variables modified by the neph-
rotoxic drugs tested were analyzed using factorial repeated
measures tests. Results were analyzed using a general two-
way ANOVA model for independent measures. The two usual
factors in each study were the “cilastatin factor”, with two
levels (yes, no), and the “toxic dose” factor, usually with four
levels corresponding to the doses (in such a case, the test was
controlled with a“0” dose in the first factor level). The models
mentioned always included the “cilastatin*toxic dose” inter-
action factor, as well as an a posteriori analysis of the differ-
ences between levels, using the LSD (least significant differ-
ence) test as a discriminating test. A two-sided a=0.05 was
considered significant. When significant differences were
found for the cilastatin protection factor, an attempt was made
to confirm such difference by comparison of the non-linear
adjustments of the corresponding dose-responses.

In the event of outliers, separation from the median by
more than two interquartile ranges was considered as non-
inclusion criterion.

In Vivo Experiments

A Levene test was used to calculate equality of variances
between the groups. Continuous variables showing equal
variances and a normal distribution were analyzed using an
ANOVA test, while a Kruskal-Wallis test was used for vari-
ables not meeting these requirements. Results are given as
meansstandard error of the mean. Values of p=<0.05 were
considered significant. SPSS software was used for all statis-
tical tests performed.

Example 1

Reduction of Internalization of Cholesterol Rafts by
Cilastatin Interaction with DHP-I

This test was conducted to show whether cilastatin,
through its interaction with DHP-I, anchored to cholesterol
rafts (CRs) by a GPI group, could block transport through
CRs or interfere with the CR-dependent endocytic pathway.

For this, caveolae were identified on cells of pig proximal
tubular epithelium in primary culture obtained as described
above. One of the proteins in the caveola, the cholera toxin B
receptor, was used for this purpose. By adding fluorescent
toxin B, labeled with a fluorophore (FITC), caveolae are
labeled and their fate over time may be followed using con-
focal microscopy.

The results obtained are shown in FIG. 1A. At 15 minutes,
fluorescent staining was seen along all cell membranes,
regardless of treatment.

Evolution of fluorescence in the absence of cilastatin may
be seen in the upper part of the image: after one hour, fluo-
rescence starts to accumulate in a perinuclear position, in the
region corresponding to Golgi apparatus; at 2.5 hours, Golgi
staining is evident, while disappearance of staining from cell
membranes is seen.

The lower part of FIG. 1A shows the same cells incubated
in the presence of cilastatin (RRbp-X). As may be seen, at 2.5
hours labeled caveolae had not moved from the cell mem-
brane.

FIG. 1B shows the observable reduction in labeling in the
Golgi apparatus 2.5 hours after cell membrane caveolae were
labeled with fluorescent toxin B in the presence of cilastatin
or filipin. Destruction of caveolae with filipin prevents their
internalization. However, filipin causes cell death in a short
time. Cilastatin also prevents localization of caveolae label-
ing in the Golgi apparatus. But it does it through its binding to
renal DPH-I.
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Example 2

Safety of Cilastatin

Some of the early studies on cilastatin prior to its marketing
stated that cilastatin, at a dose of 1 g/kg/day, could cause
sloughing of tubular endothelium as a sign of renal toxicity
(Sack 1985).

To verify this, an in vitro study was conducted on primary

5

cultures of proximal tubular cells (PTCs) incubated in the 10

presence of increasing cilastatin doses for a total of 14 days.
Cultured cells were counted as previously discussed in the
section “Cell growth dynamics”. Results arc shown in FIG. 2,
where the different cilastatin concentrations used are given.

No significant effect was seen upon growth dynamics, cell
confluence, or monolayer morphology. Concentrations used
were up to almost 10 times the plasma concentrations reached
in vivo.

Example 3

Cilastatin Abolishes or Reduces the Damage Caused
to the Proximal Tubule by the Main Nephrotoxics

3.1.—Cilastatin Prevents or Reduces Cell Apoptosis

During apoptosis, endogenous endonucleases break down
DNA into oligonucleosomes which pass to the cytoplasm,
where they stay for several hours before becoming part of the
blebs or apoptotic corpuscles. Occurrence of these oligonu-
cleosomes may be interpreted as a manifestation of the apo-
ptotic process.

To assess the protection provided by cilastatin against
nephrotoxicity caused by different nephrotoxics, the above
described “nucleosomal enrichment” methodology was used,
quantifying appearance of DNA fragments in the cytosol as a
manifestation of the apoptotic process.

Primary cultures of proximal tubular cells were incubated
against a battery of 11 nephrotoxic drugs: cyclosporin A
(immunosuppressant), gentamicin (aminoglycoside antibi-
otic), tacrolimus (FK506) (immunosuppressant macrolide),
vancomycin (glycopeptide antibiotic), cisplatin (anticancer
drug), iodinated contrast (iopamidol), foscarnet (antiviral),
mannitol (diuretic), amphotericin B (antifungal), chloroform,
and acetaminophen (analgesic and antipyretic). None of the
drugs tested is a DPH I substrate; some of them are anionic
and may reach the inside of the cell through OATs, but others
are neutral or even cationic. Some are lipid-soluble and other
water-soluble, as previously indicated in Table 1 of this
report. The intracellular transport mechanism is generally
unknown for most of them, and it is assumed that they diffuse
freely through the cell membrane.

The results obtained in the primary cultures incubated with
the nephrotoxics and when primary cultures are co-incubated
with the same nephrotoxics plus cilastatin (RRbp-X) are
shown in FIG. 3A. The figure shows that an increase occurs,
as compared to control, in quantification of nucleosomes for
all tested toxics. When primary cultures are co-incubated
with the same nephrotoxics plus cilastatin, induction of apo-
ptosis ceases or is significantly reduced. In many cases, a
return occurs to a situation similar to baseline.

3.2.—Cilastatin Prevents or Reduces Cell Death by
Anoikis

Toxic orischemic aggression to the, tubule results in a type
of cell death associated to sloughing of damaged cells, a
process known as anoikis.

Induction of anoikis by the tested nephrotoxics may be
measured by quantifying the number of cells moving from the
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monolayer to the culture supernatant by flow cytometry,
which was done in this case using the previously described
procedure for calculating the viability of proximal tubular
cells.

Addition of cilastatin (RRbp-X) to cultures reduced in all
cases the number of dead cells.

The graphic representation in FIG. 4A shows all values
corresponding to cell counts in the supernatant for all tested
conditions and doses, representing incubations without cilas-
tatin in the X-axis and incubations with cilastatin (RRbp-X)
in the Y-axis. If cilastatin had no protective effect, cells
sloughed by anoikis in both axes would be identical, and all
points would fall on the identity line. However, it may be seen
that for all tested conditions, toxics, and doses the points fall
on the protection line: Much less cell death occurs in the
presence of cilastatin.

As an example, FIG. 4B shows the flow cytometrics of the
supernatants from primary cultures of proximal tubular cul-
tures incubated with two potent nephrotoxics, cisplatin or
vancomycin, in the absence or presence of cilastatin (RRbp-
X). FIG. 4C shows quantification of cells sloughed to the
supernatant with progressive doses of four nephrotoxic drugs
(vancomycin, gentamicin, cisplatin, and acetaminophen) and
the reduction in their number induced by co-incubation with
cilastatin (RRbp-X) (dark grey bars). An ANOVA for
repeated measures (overall cilastatin effect=0.012) and a post
hoc analysis (cilastatin effect on each drug: p<0.05) were
performed.

3.3 —Cilastatin Restores the Mitochondrial Oxidative
Capacity of the Proximal Tubule

Both oligonucleosome accumulation and the anoikis phe-
nomenon are late events in the process by which the tested
compounds induce toxic damage in the proximal tubular cell.

The mitochondrion of the proximal tubule is probably the
earliest organelle altered during apoptotic cell death. Mito-
chondrial impairment frequently occurs some hours before
the mechanisms finally leading to DNA fragmentation (the
previously discussed nucleosome formation) and cell slough-
ing from the monolayer (anoikis) are triggered. Therefore,
study of mitochondrial function in relation to the nephrotox-
ics assessed may be of value for understanding the latency of
the protection phenomenon. This was made by measuring the
activity of the mitochondrial oxidative chain through electron
transfer to 3-(4,5-dimethylthiazole-2-yl1)-2,5-diphenyltetra-
zolium bromide (MTT, from the abbreviated form methyl-
thiazoletetrazolium) bromide, which on reduction is con-
verted into insoluble blue formazan crystals.

The results obtained for the different nephrotoxics are
shown in FIG. 5, both with regard to MTT reduction after
treatments for 24 hours with each of the nephrotoxics and real
time results.

The results of the ANOVA tests performed were as follows:

vancomycin: vancomycin effect not significant, cilastatin

effect p=0.025, “interaction” effect (vancomycin+cilas-
tatin) not significant;

cisplatin: cisplatin effect p=0.038, cilastatin effect

p=0.001, “interaction” effect (cisplatin+cilastatin) not
significant

acetaminophen: acetaminophen effect p=0.05, cilastatin

effect not significant, and “interaction” effect (acetami-
nophen+cilastatin) not significant

As may be seen, the nephrotoxics tested caused a dose-
dependent inhibition of mitochondrial electronic transfer in
all cases. The presence of cilastatin totally or partially
restores such capacity.
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Example 4

Cilastatin Restores the Morphology and
Regenerative Capacity of Tubular Epithelium
Damaged by Nephrotoxics

4.1.—Clilastatin Restores Cell Morphology

Images of electron scanning microscopy, obtained follow-
ing the previously described methodology, showed the
appearance of cultures of cells of the proximal tubular epi-
thelium incubated for 11 days in the presence of 1 pg/ml of
cyclosporin A or the same concentration of cyclosporin but in
the presence of 200 pg/ml of cilastatin.

FIG. 6 shows some examples of the photographs obtained.
The two images on the left show how cyclosporin A causes
cytosolic condensation, cell rupture, and monolayer disrup-
tion, characteristic of the apoptosis it induces. In the images
on the right, two photographs of epithelium exposed to the
same doses of cyclosporin A, but in the presence of cilastatin
(RRbp-X), it may be seen how these changes do not usually
occur in the presence of cilastatin, though occasional apop-
totic blebs may be seen to also appear in its presence.

4.2 —Cilastatin Improves Cell Recovery Following
Aggression

To verify whether cilastatin had any effect upon cell recov-
ery, anew experiment was made in which the dynamics of cell
growth in primary cultures of proximal tubular cells was
tested in the presence of two nephrotoxic drugs, cyclosporin
A and tacrolimus (FK-506), checking the differences in the
presence and absence of cilastatin.

As shown in the graphs in FIGS. 7A and 7B, when cells in
culture were grown, from the time of seeding, in the presence
of cyclosporin A (1 or 10 pg/mL) or tacrolimus (50 ng/mL),
cell growth was dose-dependently reduced.

Thus, these tests show that co-incubation with the nephro-
toxic and cilastatin (200 pg/ml.) partially prevents the effect
of nephrotoxics on cell growth, protecting from their neph-
rotoxicity.

Results of statistical analysis were as follows:

Factorial ANOVA N=5: Combined effects: p<0.0001;
“treatment” factor: p<0.0001; “culture days” factor:
p<0.0001; “treatment x culture days” factor: p<0.004.

A post hoc analysis for cyclosporin showed a significant
decrease in cilastatin-induced cell growth as compared
to control from day 8 (dose of 1 ug/ml. and dose of 10
ng/ml) and a cell growth recovery with cilastatin from
day 11.

A post hoc analysis for tacrolimus (FK-506) showed a
significant decrease in cell growth from day 7, with a
recovery from the same time with cilastatin.

To confirm these data, another method for testing the
regenerative capacity of cells after an aggression was used:
the number of colony-forming units was determined by stain-
ing with crystal violet, a dye that requires cell integrity to be
incorporated into the cells. This procedure has the advantage
that it allows for gross visualization of the intensity of aggres-
sion, and also for quantification of aggression if cells are
resuspended and the dye is determined by visible spectropho-
tometry. Thus, in in vitro nephrotoxicity studies on cultured
cells, crystal violet staining serves for detecting surviving
cells, potential colony formers in regeneration.

FIG. 8 shows some examples of measurement of colony-
forming units 24 hours (12 hours for cisplatin) after an
aggression with increasing doses of several nephrotoxics in
the absence or presence of cilastatin (RRbp-X). This test
confirms that co-incubation with cilastatin totally or partially
restores cell growth inhibited by the nephrotoxic, because the
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test showed that an improved cell recovery, with an increase
in long-term survival (7 days), occurred in cases where the
nephrotoxic was coadministered with cilastatin.

Example 5

Cilastatin Prevents Entry of Nephrotoxics into the
Proximal Cell Due to its Effect on the Brush Border

Previous examples have shown how the presence of cilas-
tatin in culture media prevents or greatly reduces induction of
apoptosis of the anoikis phenomenon, restores mitochondrial
oxidative capacity, and increases the number of cells surviv-
ing to the different nephrotoxic aggressions, which increases
the resistance to aggression and the regenerative capacity of
the renal tubule.

All toxics tested have different physico-chemical charac-
teristics and different intracellular targets. None of them is a
substrate for DHP-I, and had not been reported to date to use
any common cell entry pathway. The effect described in this
report about the capacity of cilastatin to inhibit cycling of
proximal tubule caveolae could be the substrate for the broad
spectrum nephroprotective effect shown by this drug.

To confirm that this new hypothesis was true, cilastatin had
to be shown to interfere with intracellular accumulation of all
drugs tested. For this purpose, PTCs were incubated with the
different nephrotoxics under study, and the cumulative intra-
cellular concentration of toxics in PTCs was quantified, in
accordance with the procedure described at the start of the
Examples.

The results obtained with vancomycin, cyclosporin, tac-
rolimus (FK506), acetaminophen, cisplatin, and gentamicin
are shown in FIG. 9, in which the different progressive con-
centrations of each of these nephrotoxics to which cells were
exposed may also be seen.

According to these results, suggesting that cilastatin inter-
feres with intracellular administration of all nephrotoxics
tested, cilastatin appears to be able to inhibit an intracellular
nephrotoxic accumulation pathway not known to date as
such, as a result of its binding to renal dipeptidase-I.

Example 6

The Broad Spectrum Nephroprotective Eftect of
Cilastatin is Specific for the Proximal Tubule

Cell protection strategies against drugs of clinical value but
with a recognized specific toxicity, based on drug transport
blockade, are not usually clinically applicable because the
protective agent also often blocks entry of the damaging drug
into its own cell target.

However, the specificity conferred to cilastatin action by its
targeting of a protein that is only located in the cholesterol
rafts of the proximal tubule allows for assuming that it will
have no protective effect on cells having no brush border (and
hence no DPH-I).

The accumulated experience with the I/C combination, an
antibiotic widely used in the most diverse clinical conditions
with no reports of a reduction in the pharmacological activity
of other drugs concomitantly administered, supports this
assumption. None of the authors describing the interaction
between I/C and Cs A reported or mentioned an increased risk
of rejection associated to the interaction, which appears to
suggest that T cell death induced by CsA is not modified by
cilastatin, which was confirmed by the authors of the inven-
tion, who noted that cilastatin does not protect the T cell from
the lethal effect of cyclosporin A. Tests were performed in
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accordance with the methods described in the section “Cell
viability in lymphocytes™, and results are shown in FIGS.
10A and 10B. Both the dose-response effect of the lethal
effect of cyclosporin A on human T cells and the absence of a
protective effect (percent cell death does not decrease) in the
presence of cilastatin 200 pg/ml. were seen.

Cisplatin is another drug for which it is extremely critical to
discern whether the nephroprotection provided by cilastatin
is associated or not with a reduction in drug potency. To
ascertain that cisplatin did not lose its antitumor cytotoxic
activity in the presence of cilastatin, cisplatin was tested on a
tumor cell line (HeLa cells) following the method previously
described in “Evaluation of mitochondrial activity using
MTT”, with the times and compound concentrations given in
the section on “Viability in tumor cells (HeLa)”. The presence
or absence of cilastatin resulted in no change in the cytotoxic
effect of cisplatin. Graphs with the percent reductions in MTT
in HelLa cells after 12 and 24 hours of treatment arc respec-
tively shown in FIGS. 11A and 11B. The results given show
that cilastatin (200 pg/ml.) does not prevent the chemothera-
peutic action of cisplatin in cancer cells (*p=0.05 vs. control
and control+cilastatin; ns=not significant.

Example 7

The Protective Effect of Cilastatin may be Observed
in Vivo

In order to verify that in vivo nephroprotection actually
occurred, two studies were done on Wistar rats as an experi-
mental in viva model of cilastatin nephroprotection against
acute toxic renal failure caused by cisplatin, a preliminary
model that provided the guidelines to be followed for a sec-
ond wider experimental model, including more measurement
variables. Rats received in both studies a single cisplatin dose
and were monitored for 5 days.

7.1. Preliminary Study

In the preliminary study, the effect of two parallel cilastatin
administration regimens was verified as described in the sec-
tion “Experimental in vivo model of cilastatin nephroprotec-
tion against acute toxic renal failure caused by cisplatin: a
preliminary study”. As stated in such section, study groups
were as follows:

Cisplatin+cilastatin (RRbp-X) 75 mg/kg/12 h: animal with
intraperitoneal injection of cisplatin (5 mg/kg/body
weight, dissolved in saline)+cilastatin (RRbp-X)—dis-
solved in saline—at a dose of 75 mg/kg body weight
every 12 hours by the intraperitoneal route from the day
of cisplatin administration and until the day of killing;

Cisplatin+cilastatin (RRbp-X) 150 mg/kg/12 h: animal
with intraperitoneal injection of cisplatin (5 mg/kg/body
weight, dissolved in saline)+cilastatin (RRbp-X) at a
dose of 150 mg/kg body weight every 12 hours in the
same regimen and formulation as above;—Cisplatin:
animal with intraperitoneal injection of cisplatin (5
mg/kg/body weight, dissolved in saline) plus saline
every 12 hours at the same volumes and regimens as for
the groups treated with cilastatin;

Vehicle: animal treated with saline at the same volumes and
regimens as if it was treated with cisplatin and cilastatin;

Control: animal with no injection or treatment.
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These treatment regimens were followed for 5 successive
days after initial administration of cisplatin or its vehicle
(saline), after which animals were killed for obtaining blood
serum.

A depiction of the administration regimens and the results
obtained for blood urea nitrogen (BUN) and creatinine
(CREA) in the preliminary study may be seen in FIG. 12.

In the preliminary study, the animal receiving cisplatin
alone lost 30% of its weight in 5 days and showed a significant
elevation in plasma creatinine (see FIG. 12C). Animals
treated with the same dose of cisplatin and with cilastatin
showed no significant weight loss or changes in plasma crea-
tinine.

Based on confirmation that the cisplatin dose used was able
to cause renal dysfunction and that the two cilastatin doses
used provided a similar protection (FIGS. 12B and 12C), the
following study was designed, using several animals per
group and testing more variables.

7.2. Extended Study on Wistar Rats.

Similarly, in the subsequent study (FIG. 13A) and also as
described in the section (Experimental in vivo model of cil-
astatin nephroprotection against acute toxic renal failure
caused by cisplatin: study on Wistar rats”, the study groups,
with their corresponding n, were as follows:

Cisplatin+Cilastatin Group (n=8): animals with a single
intraperitoneal administration of cisplatin (5 mg/kg/
body weight), dissolved in saline, plus cilastatin (dis-
solved in saline) at a dose of 75 mg/kg body weight every
12 hours by the intraperitoneal route from the day of
cisplatin administration and until the day of killing.

Cisplatin Group (n=8): animals with a single intraperito-
neal administration of cisplatin (5 mg/kg/body weight),
dissolved in saline, every 12 hours in the same volumes
and regimens as groups treated with cilastatin.

Control+Cilastatin Group (n=6): animals treated with
intraperitoneal administration of saline (cisplatin
vehicle) in the same volume as cisplatin-treated groups,
plus cilastatin (dissolved in saline) at a dose of 75 mg/kg
body weight every 12 hours by the intraperitoneal route
from the day of administration of saline (cisplatin
vehicle) and until the day of killing.

Control Group (n=6): animals treated with saline in the
same volumes and regimens as the groups treated with
cisplatin and/or cilastatin.

As in the previous study, these treatment regimens were
administered for 5 successive days after initial administration
of cisplatin or its vehicle (saline), after which animals were
killed for obtaining blood serum. This time, urine samples
were taken before killing, as indicated in the section describ-
ing the procedure.

FIG. 13A shows a representation of the administration
regimens, while the results for creatinine, clearance, pro-
teinuria, and osmolality in urine obtained from the second and
more complete experimental model may be seen in FIGS.
13B to 13E). It may be seen that animals treated with cisplatin
plus cilastatin had a significant partial decrease in creatinine
and clearance values as compared to cisplatin-treated animals
not receiving cilastatin, with their values been similar to
control values. On the other hand, as regarded proteinuria and
urinary osmolality, cilastatin completely reversed the values
to normal levels as compared to those in animals who
received cisplatin without cilastatin.



US 9,216,185 B2

33

Table 3 gives data relating to weight loss.

TABLE 3

Body weight balance at the end of the extended study

BASELINE FINAL
GROUP WEIGHT WEIGHT AWEIGHT
Control 264 £3 279 =2 148« 1.3
Control + Cil 259 8 273 =7 143+ 15
Cisplatin 272 4 249 =5 -23.0+ 2.9%
Cisplatin + Cil 272 5 259 =3 -13.0 = 3.7*&

*P < 0.0001 vs. control and control + Cil;
&P =< 0.05 vs. Cisplatin

Animals receiving cilastatin together with cisplatin expe-
rienced a clearly lower weight loss as compared to those given
cisplatin alone. Thus, mean weight of control and control plus
cilastatin animals increased by approximately 14 grams,
while a significant weight loss occurred in the cisplatin-
treated groups as compared to the former (p<0.0001). Ani-
mals given cisplatin and treated with cilastatin lost less
weight than untreated animals, with a significant difference
(P<0.05).

7.3. Extrapolation to Humans of Data Obtained

In order to derive an effective dose that may be adequate in
humans, available data from experimental animals on the
relationship between the cilastatin doses administered, given
in mg/kg body weight, and the cilastatin plasma levels
achieved with them, given in mg/[,, have been taken into
account. Available data from rabbits (Toyoguchi 1997) and
rats (Lin 1999 and Perez 2004) and from the in vitro experi-
ments reported here, in which pig cells were incubated in the
presence of different cilastatin concentrations, have been
used. No data have been reported for humans. Data from the
summary of product characteristics of the medicinal product
Tienam®, from Merck, Sharp and Dohme Spain S. A., manu-
factured by Abelld Farmacia S. L., (a product containing
imipenem and cilastatin sodium) were therefore used to
derive the corresponding human data (summary of product
characteristics IPC 0195a, Tracer no. TEN/IV-E-14417,
MOH modifications-May 1999 (June 1999), available at
http://www.msd.es/content/hcp/products/ft/ft_tienam_iv__
500 mg_es.pdf). Based on such data, a plot was drawn of the
relationship between the dose administered and pericellular
levels in mg/L: for studies performed in rabbits and rats, these
pericellular levels were considered to be equivalent to the
plasma levels detected for each administered dose; for the in
vitro experiments conducted on pig cells, pericellular con-
centration would be the cilastatin concentration in the culture
medium. The resulting plot is shown in FIG. 14 (diamonds:
rabbit data; triangles: rat data; blank squares: data from pig
experiments; filled squares including a white point: data from
the summary of product characteristics for humans). In such
plot, the shaded box represents the range of plasma levels
(pericellular concentrations) at which cilastatin safety and
absence of toxicity have been shown.

A linear relationship between the administered doses and
the plasma levels achieved may be seen in the plot for all
species. Such linearity is maintained up to doses of 200 mg/kg
body weight and plasma levels around 800 mg/L.. Above these
figures, the relationship tends to be lost.

The circles surrounding some data represent the doses at
which efficacy of the drug has been shown in this report. As
may be seen, the minimum effective dose shown in studies
discussed in this report corresponds to the therapeutic range
proposed in the summary of product characteristics. Such
dose may be estimated at 10 mg/kg body weight, which
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represents a mean value of 750 mg/day for a human adult.
This is the estimated minimum nephroprotective dose in
humans.

CONCLUSIONS

The results mentioned in the above Examples suggest that
cilastatin has an unexpected and unknown effect upon the
brush border of the proximal tubule, as a result of which it is
able to prevent in variable degrees the nephrotoxicity of anti-
biotic, cytotoxic, anti-inflammatory, antiretroviral, anes-
thetic, and immunosuppressant drugs. Because of the differ-
ence in chemical structure, solubility in water or lipids, and
ionic nature at physiological pH, it may be assumed that this
nephroprotective effect may be extended to any drug, or com-
pound with no known activity as a drug, able to damage the
proximal tubule. This broad-spectrum nephroprotection is
kidney-specific and does not interfere with the effects of the
toxics concerned on their own targets. Cilastatin itself is
devoid of toxic effects on proximal tubular cells. Cilastatin
administration may therefore serve to reduce the nephrotoxic
effects of drugs and other compounds with a nephrotoxic
effect. Cilastatin administration may be concomitant and/or
subsequent to drug administration. A single or several cilas-
tatin doses may be administered, one of which may be given
at the time of administration of the compound whose neph-
rotoxicity wants to be reduced.
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The invention claimed is:

1. A method of decreasing apoptosis of proximal tubule
cells which contain cholesterol rafts and express DHP-I, the
method comprising administering a composition including
cilastatin and a nephrotoxic compound that is not a substrate
of DHP-I,

wherein the proximal tubule cells are in apoptosis caused

by the nephrotoxic compound; and

wherein the nephrotoxic compound is selected from the

group consisting of gentamicin, cisplatin, iopamidol,
foscarnet, mannitol, amphotericin B, and chloroform.

2. The method according to claim 1, wherein the nephro-
toxic compound is gentamicin.

3. The method according to claim 1, wherein the nephro-
toxic compound is foscarnet.
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4. The method according to claim 1, wherein the nephro-
toxic compound is amphotericin B.

5. The method according to claim 1, wherein the nephro-
toxic compound is mannitol.

6. The method according to claim 1, wherein the nephro-
toxic compound is cisplatin.

7. The method according to claim 1, wherein the cilastatin
is incorporated into a medicament that is designed to be
administered via the oral, intramuscular, peritoneal or intra-
venous route.

8. The method according to claim 7, wherein the medica-
ment is designed to be administered via the intravenous route.

9. The method according to claim 8, wherein the medica-
ment containing cilastatin is designed to be administered in
such a manner that the dose of cilastatin received by the
individual is at least 750 mg/day.

10. The method according to claim 9, wherein the medica-
ment containing cilastatin is designed to be administered in
such a manner that the daily dose of cilastatin may be admin-
istered in a single daily dose.

11. The method according to claim 9, wherein the medica-
ment containing cilastatin is designed to be administered in
such manner that the daily dose of cilastatin may be admin-
istered in at least two daily doses.

12. The method according to claim 1, wherein the nephro-
toxic compound is cationic or neutral at physiological pH.

13. The method according to claim 1, wherein the cilastatin
is incorporated into a medicinal product comprises both cil-
astatin and the nephrotoxic compound.

14. A therapeutic method to reduce the apoptosis caused by
a compound that is not a substrate of DHP-I, the method
comprising the administration of cilastatin to an individual
receiving the compound;

wherein the individual has proximal tubule cells in apop-

tosis caused by the compound; and

wherein the compound is a nephrotoxic compound

selected from the group consisting of gentamicin, cispl-
atin, iopamidol, foscarnet, mannitol, amphotericin B,
and chloroform.

15. The method according to claim 14, wherein the admin-
istration of cilastatin is simultaneous to that of the nephro-
toxic compound.

16. The method according to claim 15, wherein the admin-
istration of cilastatin is by means of additional successive
doses subsequent to the administration of the nephrotoxic
compound.

17. The method according to claim 14, wherein the cilas-
tatin is administered via the oral, intramuscular, peritoneal or
intravenous routes.

18. The method according to claim 17, wherein the cilas-
tatin is administered via the intravenous route.

19. The method according to claim 18, wherein the cilas-
tatin is administered dissolved in saline solution.

20. The method according to claim 18, wherein the daily
dose of cilastatin is at least 750 mg/day.

21. The method according to claim 20, wherein the cilas-
tatin is administered in a single daily dose.

22. The method according to claim 20, wherein the cilas-
tatin is administered in at least two daily doses.

23. The method according to claim 14, wherein the indi-
vidual to be treated is a human being.

24. The method according to claim 1, wherein said reduc-
tion of apoptosis is in cells having brush borders.

#* #* #* #* #*



